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Abstract
Special elemental sulfurs formed by thermochemical sulfate reduction (TSR) are reported for the first time in the 
Upper Permian Changxing Formation and the Lower Triassic Feixianguan Formation, Northeastern Sichuan Basin, 
Southwest China. They occur mainly as single pellets with round morphology, and partly in semi or ¼ pellets of 10 to 
100 μm in diameter, or form interpenetrating grains. Most of them precipitate at the inner wall of the vugs, oomoldic 
or inter-granular pores of the dolomitic reservoirs. Petrogenetic sequence analysis demonstrates that they postdate the 
dolomite formation and cementation, while are prior to the late calcite and quartz cementation The sulfur develops 
restrictively in the section where pyrobitumen is found, namely in the paleo-oil window, which strongly supports that 
the crude oil/liquid hydrocarbon had been involved in the TSR.
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Society for 
Resources, Environment and Engineering
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1. Introduction
Thermochemical sulfate reduction (TSR) has been widely studied worldwide[1-3]. One of the latest 
progresses is made by Hao et al. (2008)[4] with respect to the giant Puguang Gas Field in Northeastern 
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Sichuan Basin, China. They claimed that the TSR is composed of three successive stages of reactions, 
namely, liquid-hydrocarbon-involved TSR, heavy-hydrocarbon-dominated TSR and methane-dominated 
TSR. Based on their study, this research is focused on the elemental sulfur, one of the most important 
byproducts of TSR.
The reported elemental sulfurs related to TSR are generally replacements of anhydrites and fill the 
pores or veins[5-8]. They develop as regular coarse native sulfur crystals[7] or show ‘pumiceous texture and 
fibers resembling curled-up rope’[5]. Here we report a special kind of elemental sulfur which has spherical, 
pellet-like morphology. And its development may provide key proof of the involvement of liquid 
hydrocarbon in TSR.
2. Geological background
The data are based on the dolomite reservoirs of the Upper Permian Changxing (P2ch) Formation and 
the Lower Triassic Feixianguan (T1f) Formation, Puguang Gas Field, Northeastern Sichuan Basin, 
Southwest China (Fig. 1)[4,9,10].
The Puguang gas field, with proven gas reserves of about 3560×108 m3 up to 2007, is the largest gas 
field found in marine carbonates in China[4,9]. The gas is mainly preserved in the dolomites within reef 
complexes of the P2ch Formation and the platform-margin shoal oolitic dolomites of the T1f Formation. 
Thick and basinwide anhydrite beds occurred in the fourth member of Feixianguan (T1f
4) Formation, 
through to the Lower Triassic Jialingjiang (T1j) and Middle Triassic Leikoupo (T2l) Formation, which 
constitute the effective cap rocks for many gas accumulations[4,9,10]. And notably, evaporates of different 
thicknesses (several to about 100 meters thick) have developed in the interior of T1f
1-2 evaporatic platform 
in Tongjiang-Kaixian area, which is adjacent to the oolitic shoal (Fig. 1).
The Sichuan Basin has 
been uplifted during the 
Himalayan orogeny. As a 
result, the P2ch and the T1f
reservoirs, buried to a depth 
of about 7000 m and 
experienced maximum 
temperature up to 220 ℃, 
were uplift to the present 
depth of 5000-5500 m[4].
And the nowadays 
temperatures and pressures 
of the reservoirs are 97-
135℃ and 50 -62 MPa, 
respectively.
Natural gases preserved 
in the reservoirs have H2S
contents from 5.1% up to 
58.3%[4] which is believed 
formed by TSR. The 
Fig. 1. Sketch maps showing the well location and the sedimentary facies of the Puguang 
Gas Field, inserted are the location of the Sichuan Basin (SCB) and the Puguang Gas 
Field within.
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reactants, products and conditions of TSR have been interpreted by many former researchers[4,11-13]. Hao et 
al. (2008)[4] have studied the alteration of TSR on the chemical and isotopic compositions of reservoir 
pyrobitumen and trapped gases, and summarized the three stages of TSR, even though, elemental sulfur is 
not well documented.
Element sulfur generally develops in fractures of non-reservoir limestones, or in pores associated with 
anhydrite nodules and calcite cements according to papers and research reports before[4,11,12,14]. It is almost 
impossible to find any elemental sulfur with naked eyes either in cores or in handspecimen within the 
major section of reservoirs in the Puguang Gas Field.
3. Elemental sulfur in the dolomite reservoirs
Under microscope and Scanning Electron Microscope (SEM), special pellets with spherical, round 
morphology within the thin sections sampled from cores of the P2ch and the T1f formations are notable 
(Fig. 2 and 3). They occur mainly as single pellets, and partly in semi or ¼ pellets of 10 to 100 μm in 
diameter, or form interpenetrating grains. Most of them precipitate at the inner wall of the vugs, oomoldic 
or inter-granular pores of the dolomite reservoirs. Some deposit at the bottom of the pores and show 
geopetal structure. Petrogenetic sequence analysis demonstrates that they postdate the dolomite formation 
and cementation, while are prior to the late calcite and quartz cementation (Fig. 2-E, F; Fig. 3-D). The 
sequence of these pellets and pyrobitumen is not very clear. They generally coexist or bitumen forms just 
before the pellets precipitated. Due to their coexistence and the difficulty in separating them, these pellets 
may be regarded as pyrobitumen[15,16] or high-S bitumen[4,17].
Nevertheless, these pellets have been identified as elemental sulfur, other than pyrobitumen or 
framboidal pyrites, through microscopic and SEM work (Fig. 2-Fig. 4). Solid pyrobitumen in the P2ch 
and the T1f dolomite reservoirs commonly occur as fillings in the pores or fractures or sites of pressure 
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Fig. 2. Photomicrographic characteristics of the elemental sulfur. A) Elemental sulfur (S) precipitated co-associated with bitumen 
(bit) at the inner boundary of the vug, 3896.4 m; B) Bitumen filled the inter-crystalline pores and spherical elemental sulfur 
precipitated at the vug, 3936.2 m; C) Trace bitumen in the inter-crystalline pores and lots of elemental sulfur pellets at the 
dissolution enlarged pores, 3938.9 m; D) elemental sulfur precipitated at the bottom of the vugs showing geopetal structure, 3886.8
m; E) Elemental sulfur and late sparry calcite (cal) successively and completely filled the pore space. Note the large sulfur pellet 
enclosed by calcite. 3873.2 m; F) The pore space is partly filled with sulfur pellets and late calcsparite, 3886.8 m. All samples are 
taken from reservoir dolomites (dol) of the well MB4. Thin-sections are made and stained with Alizarin red S solution.
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dissolution[4] with no certain 
crystal form. The pellets with 
regular shape differ greatly from 
the pyrobitumen (Fig. 2 and 3 ). 
No reflectance has been observed 
with these pellets under 
microscopy, which shows that they 
are not pyrites. A SEM with an 
associated Energy Disperse 
Spectroscopy (EDS) is used for 
further analysis. The results have 
shown that these pellets are 
elemental sulfurs (Fig. 4).
4. Discussion
4.1. Precipitation of sulfur
Elemental sulfur may occur in 
three different forms in reservoirs, 
i.e., a free phase as a liquid or as a 
solid, physically dissolved sulfur 
in petroleum, or chemically 
dissolved sulfur as hydrogen 
polysulfides in sour gas 
reservoirs[1]. Some of the 
elemental sulfur may have been 
reduced to H2S or sulfides during 
burial[2]. Nevertheless, most of the 
sulfur has been deposited as pore-fillings in the dolomite reservoirs of the Puguang Gas Field, while the 
conditions on which it precipitated are discussible.
Generally, element sulfur has a freezing point of 116-119℃ which is influenced by temperature and 
pressure[1]. Under most reservoir conditions, it is a fluid rather than a solid. Due to the following 
phenomena, we claim that the sulfur was deposited as a solid under burial conditions, while not during 
production or exhumation as in other cases[6]:
(1) Quartz cementation is one of the latest 
diageneses in the P2ch and the T1f formations. 
Some quartz crystals are observed to grow 
postdate sulfur pellets (Fig. 3-D).
(2) The elemental sulfur is found in a 
restricted section where pyrobitumen exist, 
while not in the whole gas reservoirs, 
indicating the sulfur has not transported by the 
natural gases and deposited (Fig. 5).
(3) Notably, some sulfur pellets are 
included by late TSR calcite cements (Fig. 
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Fig. 3. Scanning electron microscopic (SEM) characteristics of the elemental 
sulfur. A) Vug-filling elemental sulfur (S) pellets postdate dolomite (dol). Note 
the dolomite molds on the surface of sulfur. 3938.9 m; B) semi and ¼ pellets of 
sulfur resembling cut apples. 3896.4 m; C) Interpenetrating grains of sulfur, 
3924.2 m; D) Sulfur pellets in the vugs, some of which show dolomite molds. 
Note the quartz (qtz) crystallized on the top of the dolomite and sulfur, which 
indicates that the sulfur was precipitated under burial conditions and was prior to 
the quartz precipitation. 3938.9 m. All samples are taken from reservoir dolomites 
of the well MB4. SEM analyses were conducted on a KYKY-3800 Scanning 
Electron Microscope at the Analysis Center of the Exploration and Production 
Research Institute, Jianghan Branch Company, SINOPEC. Experiment conditions 
are room temperature and pressure, 56% RH of wetness, 25 kv of voltage and 
about 2300 mA of beam current.
Fig. 4. Energy Disperse Spectroscopy Analysis (EDSA) result of 
elemental sulfur
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2)[11,12,14], which indicates that the sulfur 
deposited before calcite cement ation.
(4) According to the geological background of 
the Puguang Gas Field, the sulfur may stay as the 
liquid when temperatures are higher than 119 ℃. 
However, the elemental sulfur may precipitate 
when temperature and pressure are lowered due 
to the uplift of the formations during the 
Himalayan orogeny[4].
4.2. Relationship between elemental sulfur and 
pyrobitumen: Profe of crude oil involved TSR
Elemental sulfur is an important product of 
TSR. Its precipitation or re-reaction with liquid 
hydrocarbons to form organosulfur compounds[4]
may decide the stages and the reaction equations 
of TSR.
First and foremost, the elemental sulfur 
developed in the Puguang Gas Field is confirmed 
to be the TSR elemental sulfur. Anhydrites which 
are formed by calcium sulfate formation water 
during production are found precipitated 
associated with sulfur. The calcium sulfate and 
the hydrogen are necessary reactants; and the 
element sulfur, calcite cements, H2S and CO2
gases with variety contents are products of 
TSR[4,11-13].
Interesting progress made by this research is 
that TSR occurs in the section where crude oil 
accumulated. Solid pyrobitumen in the marine carbonate reservoirs in the Puguang Gas Field are the result 
of in-situ cracking of crude oil[4]. Therefore, the paleo-oil-window and the paleo-oil-water contact (POWC) 
can be recovered by the distribution of solid pyrobitumen in drilling cores (Fig. 5). As shown in figure 5, 
the elemental sulfur is found only in the section where solid pyrobitumen formed. The association 
between the elemental sulfur and the pyrobitumen soundly shows that the crude oil has been involved in 
TSR (stage Ⅰ in Hao et al., 2008[4]) in the Puguang Gas Field, and that the TSR has occurred at least in 
the middle-lower part, if not the whole section, of the paleo-oil-window (Fig. 5) rather than in the 
petroleum-water transition zone as in other cases[5,18].
5. Conclusions
Elemental sulfur related to TSR occurred as special pellets filling in the pore space of the P2ch and the 
T1f reservoirs of the giant Puguang Gas Field, Northeastern Sichuan Basin. Crude oil was involved in the 
TSR and produced the sulfur. The in-situ precipitation of the sulfur was possibly owing to the uplift of the 
P2ch and the T1f formations during the Himalayan orogeny.
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Fig. 5. Contents of solid bitumens and elemental sulfur in the well 
PG2 (A) and the well MB4 (B) showing the interpreted paleo-oil 
window, paleo-oil-water contact (POWC) and the present-day gas-
water contact (GWC). Contents are determined by Adobe 
Photoshop based on the thin section images (Zhang et al., 2009)[19].
Note some bitumens under 5150 m in PG2 are developed in micro-
fractures. No water is reserved in the reservoir section of the well 
MB4, therefore the GWC is not determined. Elemental sulfur can 
only be found in the paleo-oil window in both PG2 and MB4. The 
interpreted first stage of TSR (TSR Ⅰ;  Hao et al., 2008[4]) sections 
are also shown. See Figure 1 for well location.
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